A whole-genome scan for 24-hour respiration rate: a major locus at 10q26 influences respiration during sleep. by Geus, J. de et al.
Am. J. Hum. Genet. 76:100–111, 2005
100
A Whole-Genome Scan for 24-Hour Respiration Rate: A Major Locus
at 10q26 Inﬂuences Respiration During Sleep
E. J. C. de Geus,
1,* D. Posthuma,
1,* N. Kupper,




1 P. E. Slagboom,
2 and D. I. Boomsma
1
1Department of Biological Psychology, Vrije Universiteit, Amsterdam; and
2Department of Molecular Epidemiology, Leiden University Medical
Center, Leiden, The Netherlands
Identiﬁcation of genes causing variation in daytime and nighttime respiration rates could advance our understanding
of the basic molecular processes of human respiratory rhythmogenesis. This could also serve an important clinical
purpose, because dysfunction of such processes has been identiﬁed as critically important in sleep disorders. We
performed a sib-pair–based linkage analysis on ambulatory respiration rate, using the data from 270 sibling pairs
who were genotyped at 374 markers on the autosomes, with an average distance of 9.65 cM. Uni- and multivariate
variance-components–based multipoint linkage analyses were performed for respiration rate during three daytime
periods (morning, afternoon, and evening) and during nighttime sleep. Evidence of linkage was found at chro-
mosomal locations 3q27, 7p22, 10q26, and 22q12. The strongest evidence of linkage was found for respiration
rate during sleep, with LOD scores of 2.36 at 3q27, 3.86 at 10q26, and 1.59 at 22q12. In a simultaneous analysis
of these three loci, 150% of the variance in sleep respiration rate could be attributed to a quantitative-trait loci
near marker D10S1248 at 10q. Genes in this area (GFRA1, ADORA2L, FGR2, EMX2, and HMX2) can be
considered promising positional candidates for genetic association studies of respiratory control during sleep.
Introduction
Billions of mammals, includinghumans,dependonrhyth-
mic breathing to regulate one of the foremost aspects of
homeostasis: the appropriate exchangeof oxygenandcar-
bon dioxide. Although a number of theoretical models
have been proposed, the actual mechanisms responsible
for respiratory rhythmogenesis were largely misunder-
stood until recently, when important new insights were
gained from in vitro studies of brain stem preparations
from neonatal rodents. In the rostral ventrolateral me-
dulla, a set of neurons known as the “preBo ¨tzinger com-
plex” act as an inspiratory pacemaker that plays a vital
role in respiratory rhythmogenesis (Rekling and Feld-
man 1998; Richter and Spyer 2001; Feldman et al.
2003). Bilateral outﬂow of the preBo ¨tzinger complex
and its associated “distributed” network in the lower
brain stem is transmitted to the spinal motor neurons
(hypoglossal nerve and phrenic nerve) to produce rhyth-
mic contraction.
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Although in vitro models, with their elimination of
the many complex peripheral inputs, allow reliable
modeling of the neuronal pacemaker network in the
preBo ¨tzinger complex, it has been widely recognized
that they yield an oversimpliﬁed picture of the true in
vivo generation of the respiratory rhythm (Richter and
Spyer 2001; Hilaire and Pa ´saro 2003). An alternative
way to access the molecular biology of respiration is to
characterize the genetic variation involved in individual
differences in the control of respiratory behavior. This
genetic variation should generate clues to the signaling
pathways inrespiratoryneuronsbyprovidingmolecular
targets for animal-genetics engineers to produce con-
ditional knockouts or transgenic animals that would
allow detailed anatomical tracing of the neural network
involved in respiratory control. To ensure that the in-
vestigated pathways have a meaningful concomitant in
humans, it would be advantageous to identify genes for
respiration in a human population, preferably through
measuring respiration under natural conditions.
Understanding the basic molecular processes in hu-
man respiratory rhythmogenesis serves an important
clinical purpose, because such processes have beeniden-
tiﬁed as critically important in sleep apnea (Hanly1992;
American Academy of Sleep Medicine Task Force 1999;
Palmer and Redline 2003). Sleep apnea is deﬁned as
repetitive episodes of decreased or total cessation of
respiratory airﬂow during sleep, leading to a 14% fallde Geus et al.: QTLs for Respiration Rate 101
Table 1
Ambulatory Respiration Rates in Male and Female Siblings during







Morning Afternoon Evening Night
Female:
Mean 32.14 16.40 16.79 17.36 15.98
SD 11.42 1.27 1.31 1.53 2.04
n 186 179 182 182 176
Male:
Mean 32.09 16.11 16.66 17.37 15.10
SD 10.79 1.21 1.29 1.61 1.97
n 120 118 117 118 111
All:
Mean 32.12 16.29 16.74 17.36 15.64
SD 11.16 1.25 1.30 1.56 2.06
n 306 297 299 300 287
NOTE.—To remove the effects of differences in physical-activitypat-
tern during the awake periods, respiration rates were computed using
data obtained only when subjects were sitting.
in oxygen saturation and to sleep fragmentation. Sleep
apnea can be central or obstructive. Obstructive sleep
apnea is caused by upper-airway collapse during inspi-
ration and is accompanied by strenuous breathing ef-
forts. In central sleep apnea, there are unknownprimary
defects in the central respiratory rhythmogenesis and/
or the chemosensitive control mechanisms that lead to
diminution or cessation of thorac-abdominal respi-
ratory movements. Sleep apnea constitutes a majorpub-
lic health problem because of its high prevalence and
its association with cardiovascular morbidity (Wolk et
al. 2003).
Recently, we completed a large twin-sibling study to
test the heritability of 24-h respiration rate (H. M. Kup-
per, G. Willemsen, D. Posthuma, D. De Boer, D. I.
Boomsma, E. J. C. de Geus, unpublished data). We used
ambulatory recording of the thorax impedance to ob-
tain the respiration signal. This allows measurements in
natural settings and, importantly, is sufﬁciently unob-
trusive to allow recording during sleep (de Geus et al.
1995; de Geus and Van Doornen 1996). Heritability of
respiration rate during the daytime was moderate (41%–
50%), whereas heritability at night was high (81%).
Here, we report a whole-genome scan on ambulatory
respiration rate, using the data from 270 sibling pairs
who were genotyped at 374 marker loci on the auto-
somes, with an average distance of 9.65 cM (Kosambi).
Variance-components–based, multipoint, model-free
linkage analyses were performed separately on respi-
ration-rate data obtained during three daytime periods




In 1991, the Netherlands Twin Register started a lon-
gitudinal survey study of health and lifestyle (Boomsma
et al. 2002). Questionnaires were sentoutin1991,1993,
1995, and 1997 to adolescent and adult twins and their
family members. Twin pairs were asked to participate
in all years; parents were asked to participate in 1991,
1993, and 1995; and siblings were included in 1995 and
1997. On the basis of questionnaire data on anxiety and
depression, a genetic-factor score was composed that
was used for extreme discordant and concordant selec-
tion for a QTL study of anxiousdepression(Netherlands
Twin Family Study ofAnxiousDepression;seeBoomsma
et al. [2000] for a detailed description). Primary ascer-
tainment of families was through these extremely dis-
cordant or concordant sib pairs, but all other siblings
in the family were invited to participate. The distribu-
tion of anxious depression in the resulting sample (N p
2,724), therefore, was near normal with only mild kur-
tosis, in comparison with that of the entire unselected
sample (see ﬁg. 2 in Boomsma et al. 2000).
All subjects and their parents were asked to provide
a buccal swab for DNA isolation. Of the 1,962 subjects
(72%) who returned a buccal swab, 917 (624 offspring
and 293 parents) were genotyped at 379 markers on the
autosomes. Subjects for whom !50% of the markers
were successfully typed were removed from the sample.
This resulted in a subsample of 558 offspring and 278
parents from 192 families for whom genotyping was
successful. From the offspring who were successfully ge-
notyped, 306 subjects from 123 families participated in
24-h ambulatory monitoring. For a total of 270 com-
plete sib pairs, ambulatory respiratory signals and ad-
equate marker data were available. Sib pairs could be
full DZ twin pairs, an MZ or a DZ twin paired with a
singleton sibling, or two singleton siblings. From MZ
pairs, data from only one (randomly chosen) twin was
used for genotyping and the linkage analyses.
Subjects gave written informed consent, and both the
DNA sampling and the ambulatory protocol were ap-
proved by the institutional review board of the Vrije
Universiteit Medical Center.
Ambulatory Recording
Ambulatory recording of the thorax impedance (Z)
was performed by the Vrije Universiteit Ambulatory
Monitoring System (VU-AMS) with a six-spot electrode
conﬁguration (de Geus et al. 1995; de Geus and Van
Doornen 1996). Two electrodes on the back were used
to continuously send a high frequency current of 50 kHz
350 mA through the subject. Two electrodes on the chestde Geus et al.: QTLs for Respiration Rate 103
Figure 1 Univariate, multipoint, variance-components linkage of the 22 autosomes in 270 sib pairs. Linkage results arepresentedseparately
for the morning (A), afternoon (B), evening (C), and nighttime (D) and are adjusted for mean effects of sex and age on respiration rate. The
X-axis plots genetic distance in cM (Haldane), and the Y-axis represents the LOD score.
were used to measure impedance. The upper measuring
electrode was placed at the jugular notch of the sternum,
between the collarbones. The lower measuring electrode
was placed at the tip of the sternum (xiphoid process).
The upper current electrode on the back was placed at
least 3 cm above the horizontal plane of the upper mea-
suring electrode. The lower currentelectrodeontheback
was placed at least 3 cm below the horizontal plane of
the lower measuring electrode. The thoracic impedance
signal was ampliﬁed and led to a precision rectiﬁer. The
rectiﬁed signal was ﬁltered at 72 Hz (low pass) to give
basal thoracic impedance, Z0. Filtering of Z0 at 0.1 Hz
(high pass) supplies the dZ signal, which contains three
major components:thehighfrequentimpedancechanges
due to the ejection of blood into the aorta during systole;
the low frequent impedance changes due to arm and
upper-body movement; and, in between these frequen-
cies, the thoracic impedance changes due to respiration.
Fragments of 100-s dZ signal were band-pass ﬁltered
with 0.1 and 0.4 Hz cutoffs after being tapered with
[sin(x)]
2, yielding the respiration signal. VU-AMS soft-
ware automatically detects the start of inspiration and
expiration for each breath and displays the respiration
signal with these markers for interactive visualinspection.
During the subject’s awake time, the VU-AMS pro-
duces an audible alarm approximately every 30 min
(10 min randomized), to prompt the subject to ﬁll out
an activity diary. Subjects were instructed to write down
the time and description of their activities and bodily
postures during the past 30-min period, in chronological
order. Information from the diary about physicalactivity
and posture was combined with the body-movementsig-
nal from a built-in vertical accelerometer, to specify ac-
curately the start and end times of any activity/posture
changes of the subjects. We divided the entire recording
into smaller fragments that were completely stationary
with regard to physical activity and posture—for ex-
ample, within each fragment, no shifts in posture oc-
curred. Each fragment was coded for posture (lying,
sitting, standing, walking, or bicycling), activity (e.g.,
deskwork, housekeeping, or watching TV), and location
(e.g., at home, at work, or at a public place). The coded
fragments were never !5 min or 11 h. On the basis of
the reported times of awakening, lunch, dinner, and bed-
time, data were aggregatedacrossfourperiods:morning,
afternoon, evening, and nighttime sleep. In 8% of the
subjects, the exact time of awakening, lunch, dinner, or
bedtime could not be extracted from either the diary or
body movement. For these subjects, themissingtimewas
imputed by use of the mean times of these events in the
rest of the sample.
For the nighttime recording, the average respiration
rate was aggregated acrossallvalidbreaths.Forthethree
active periods of the day, the average respiration rates
were computed using only the valid breaths obtained
when subjects had been sitting. The use of sitting-only
data eliminates the inﬂuence of individual differences in
daytime physical-activity patterns, which are known to
have a very strong effect on respiratory behavior. Total
duration of sitting activities averaged 115 min in the
morning, 152 min in the afternoon, and 137 min in the
evening. In 34 subjects, one or more periods of the day
were missing for the ﬁnal analyses. This was because of
equipment failure in a few cases, but it was mostly be-
cause the impedance signal quality was visually judged
as insufﬁcient for adequate respiration scoring. Conse-
quently, the number of subjects varies slightly across the
four periods (see table 1).
DNA Genotyping and Error Checking
Genotyping was conducted by the Marshﬁeld Labo-
ratory using the 10-cM spaced microsatellite screening
set 10 (Yuan et al. 1997), with few alternative markers.
Pedigrees were checked for Mendelian errors by use of
the program Unknown (Schaffer 1996), and pedigree
relationships in the entire sample were checked by use
of the program GRR (Abecasis et al. 2001). Mendelian
errors were removed by assigning missing values to the
marker genotypes if the errors appeared incidental. Re-
combination likelihoods were checked using the Merlin
program (Abecasis et al. 2002). Excessive recombi-
nations were observed for 5 of the 379 autosomal mark-
ers that indicated potential problems: two markers on
chromosome 1 (D1S160 and D1S1627-ATA25E0), two
markers (D11S1985-GGAA5C04 and D11S2006-
GATA46A12) in a group of ﬁve very closely or iden-
tically mapped markers on chromosome 11, and one
marker on chromosome 20 (D20S159-UT1307). These
ﬁve markers were excluded, leaving a ﬁnal set of 374
markers for the analyses. For all other recombination
problems, the data were cleaned using the default pro-
cedure of the Merlin program.
Marker distances in cM (Kosambi) were assigned by
use of the deCODE map (Kong et al. 2002), when avail-
able. For markers not mapped by deCODE, the original104 Am. J. Hum. Genet. 76:100–111, 2005
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SURROUNDING MARKERS Morning Afternoon Evening Night
3 217 .00 .00 .26 2.36 (.080) D3S1262, D3S2398
7 4 1.70 (.083) 1.94 (.023) .94 .40 D7S2477, D7S3056
10 182 .04 .00 .74 3.86 (.004) D10S1222, D10S1248
22 39 .76 .89 2.75 (.001) .87 D22S689, D22S683
a For LOD scores 11.5, the empirical chromosome-wide P values are given (in parentheses) as obtained from 1,000
permutations of the data set.
distance provided on the Marshﬁeld Web site (Broman et
al. 1998) was transformed by linear interpolation from
adjacent markers with known deCODE map values.
Linkage Analysis
Variation in respiration rate was decomposed into
variation due to QTLs (jq
2), variation due to additive
inﬂuences (ja
2), and variation due to nonshared en-
vironmental inﬂuences (je
2), by use of structural equa-
tion modeling as implemented in the Mx software pack-
age(see Mx software Web site). On the basis of genetic
model ﬁt in the full MZ and DZ twin samples, a model
with additive genetic inﬂuences and unique environ-
mental inﬂuences was known to best describe the twin
covariance structure (H. M. Kupper, G. Willemsen, D.
Posthuma, D. De Boer, D. I. Boomsma, E. J. C. de Geus,
unpublished data). Age and sex were included as co-
variates in the model, to reduce residual variation in
respiration rate and to increase power to detect linkage
to a QTL. The formal model is represented by RR p
, where RR is the observed m  b # sex  b # age   12
respiration rate, m is the intercept or grand mean, is b1
the deviation of males from females, is the regression b2
weight of age on respiration rate, and  is the residual
variance not explained by age or sex. The residual var-
iance is divided into variance due to additive polygenetic
variance; environmental variance, including measure-
ment error; and variance associated with a putative
QTL. Estimates of the variance component associated
with a putative QTL were obtained by using the ap- ˆ p
proach, in which the covariance due to the marker or
trait locus for a sib pair is modeled as a function of the
estimated proportion of alleles shared identical by de-
scent (IBD). The general variance-covariance matrix for
pair j,k of the ith family (Qijk) is then given by
222 j  j  j if j p k aqe Q p , ijk 22 { ˆ rj  pj if j ( k a ijk q
where r denotes the expected overall IBD proportion.
The probabilities of sharing 0, 1, or 2 alleles IBD at
every 1 cM (Haldane) over the genome were estimated
by use of Merlin (Abecasis et al. 2002).
The effect of the QTLs was evaluated by the LOD
score, computed as 2ln LR/4.6, where LR is the like-
lihood ratio. Descriptive signiﬁcance levels for 2ln LR
are obtainable from its asymptotic distribution, which
is a 50:50 mixture of x
2 random variables with 1 and
0 df (Self and Liang 1987; Sham 1998, p. 265). For
chromosomes with promising ﬁndings, however, empir-
ical P values were determined by simulation, using the
1000# permutation algorithm as described by Lystig
(2003).
In addition to the variance-components analyses dis-
cussed above, we reran the univariate linkage scans in
Merlin Regress (Sham et al. 2002). Since virtually iden-
tical results were obtained from both procedures, only
the Mx analyses will be presented here, for the sake of
brevity. The Mx variance-components approach was
chosen because it allowed additional multivariate and
multilocus analyses.
Results
Table 1 shows the statistics of the genotyped sample of
male and female offspring. Equating the means formales
and females yielded a model with a signiﬁcant loss of
ﬁt ( ; ). The main effect of sex shows
2 x p 20.76 P ! .001 4
a slightly slower respiration in males than in females.
Respiration rate in all periods decreased with age, but
the correlation was signiﬁcant only for males in the
morning sample ( ). Correlations between res- r p 0.20
piration rate and a summary factor score for anxious
depression were nonsigniﬁcant (r values between 0.02
and 0.03). Heritabilities based on thesiblingcorrelations
were 29% in the morning, 37% in the afternoon, 43%
in the evening, and 81% at night. Respiration rates from
the four periods were signiﬁcantly correlated (all values
of r between 0.27 and 0.65).
Genomewide Linkage Analysis
Figure 1 shows the results of the autosomal whole-
genome scan. The highest peak (LOD score p 3.86) wasde Geus et al.: QTLs for Respiration Rate 105
Figure 2 Multivariate, multipoint, variance-components linkage of the 22 autosomes in 270 sib pairs. Linkage results combine the four
periods, each adjusted for mean effects of sex and age on respiration rate. The X-axis plots genetic distance in cM (Haldane), and the Y-axis
represents the adjusted LOD score. The adjusted LOD score is determined as the 1-df LOD score required to give the same P value as the
multivariate LOD score and can be compared directly with the univariate LOD scores.
found for respiration rate during sleep, on chromosome
10 at ∼182 cM from pter, between markers D10S1222
and D10S1248. A second locus had a suggestive inﬂu-
ence on sleeping respiration rate (LOD score p 2.36);
this locus was located on chromosome 3 at ∼217 cM
from pter, between markers D3S1262 and D3S2398.
Two additional regions were deemed of interest,because
they yielded a LOD score 11.5 for respiration rate mea-
sured during at least two periods of the day. For morning
and afternoon respiration rate, a suggestive peak was
found on chromosome 7, near marker D7S3056. For
evening and night respiration rate, suggestivepeakswere
found on chromosome 22; the peak for the evening res-
piration rate (LOD score p 2.75) was located at ∼39
cM from pter, between markersD22S689andD22S683,
and the peak for nighttime respiration rate (LOD score
p 1.59) directly ﬂanked it at ∼48 cM from pter, at
marker D22S445.For the four regionswiththestrongest
evidence of linkage, LOD scores for each of the periods
are displayed in table 2. A multivariate analysis using
all four periods conﬁrmed the potential importance of
these four loci (ﬁg. 2), which are plotted in more detail
in ﬁgure 3. The high LOD score on chromosome 1 did
not have a ﬂanking marker at the telomeric end and was
considered to be an artifact.
Obstructive sleep apnea and obesity are highly co-
morbid, and the correlation between BMI and measures
of sleep apnea has been shown to be attributable to
genetic factors (Palmer et al. 2003). The correlations
between respiration rate and BMI in our sample were
all positive and signiﬁcant (morning, 0.16; afternoon,
0.21; evening, 0.22; and night, 0.12; adjusted for age).
The increased respiratory frequency with high BMI may
reﬂect compensatory efforts against hypoventilation due
to reduced chest-wall compliance or reduced nasopha-
ryngeal caliber due to fat deposition in upper-airway
tissues. To test this idea, we repeated all of the analyses
described above with BMI as an additional covariate.
Only neglible impact on the linkage signal was found,
and the LOD scores for the four main loci (ﬁg. 3) were
essentially unchanged. Hence, linkage at these loci re-
ﬂects direct genetic effects on respiratory regulation
rather than indirect effects of genes inﬂuencing obesity.
Because respiration rate recorded during sleepshowed
the strongest linkage signals, the three loci with LOD
scores 11.5 during sleep (on chromosomes 3 [217 cM],
10 [182 cM], and 22 [48 cM]) were modeled simulta-
neously as random effects in a three-locilinkageanalysis.
This simultaneous analysis is more robust to the well-
known overestimation of variance attributable to mark-de Geus et al.: QTLs for Respiration Rate 107
Figure 3 Best evidence of linkage to ambulatory respiration rate on chromosomes 3 (A), 7 (B), 10 (C), and 22 (D). Linkage results are
presented for each of the four periods and are adjusted for mean effects of sex and age on respiration rate. The X-axis plots genetic distance
in cM (Haldane), and the Y-axis represents the multipoint variance-components LOD score. Markers are arrayed in map order along the top
of each plot.
ers in linkage analyses. In a single-locus analysis, the
QTL effects may be overestimated and together sum to
a percentage of explained genetic variance 1100% (Go ¨-
ring et al. 2001). The three-locus analysis constrains the
sum of the QTL variances to be not 1100%. Table 3
shows a signiﬁcant LOD score for all three loci simul-
taneously. For chromosome 22, the evidence of linkage
disappeared in the multilocus analysis, but note that, for
this marker, the largest linkage was found in the evening,
not during sleep. For chromosomes 3 and 10, the evi-
dence weakened somewhat in comparison with the sin-
gle-locus analyses. In models that included the locus on
either chromosome 3 or chromosome 10, however, the
amount of genetic variance attributable to these loci was
highly comparable to that found in the single-locusanal-
yses. There is a slight discrepancy between the x
2 of a
model leaving out three loci simultaneously and the
summed x
2 of the models leaving them out one at a time,
suggesting an interaction between loci.
Discussion
Using ambulatory recording of the thorax impedance,
we obtained 24-h respiration rates in healthy human
subjects under natural conditions. Four genomic regions
were identiﬁed as having a high likelihood of harboring
loci that inﬂuence respiration rate. Linkage of a locus
on chromosome 10q to nighttime respiration rate ex-
ceeded the Lander-Kruglyak threshold for signiﬁcance
(Lander and Kruglyak 1995). A second locus on chro-
mosome 3q was also suggestively linked to nighttime
respiration, as was a third locus on chromosome 22q.
A simultaneous three-locus analysis conﬁrmed the im-
portance of the 3q and 10q loci for respiration rate dur-
ing sleep. The generally higher LOD scores for nighttime
respiration may reﬂect the increased power of the ge-
nome scan with an increase in the heritability of respi-
ration rate. In a recent twin family study (H. M. Kupper,
G. Willemsen, D. Posthuma, D. De Boer, D. I. Boomsma,
E. J. C. de Geus, unpublished data), heritability of res-
piration rate was found to be moderate during the day-
time (41%–50%) but to sharply increase at night (81%)
through a decrease in environmental variance coupled
to a strong increase in genetic variance. This shift in
genetic architecture suggests that respiration rate is un-
der more genetic control during sleep than during awake
periods. Neurobiologically, this makes good sense.Tran-
scription of a number of genes appears to be selectively
increased during sleep (Mackiewicz and Pack 2003). In
addition, many environmental factors (speech, chewing,
postural changes, and physical activity) impact res-
piration during the daytime, whereas, during sleep,
respiratory frequency will be a more pure reﬂection of
intrinsic rhythmogenesis by the brain stem.
Human and Animal Studies on the Genetics of
Respiration
Several lines of evidence support an inﬂuence for ge-
netic factors on respiratory control in humans. Most
have focused on respiration during sleep because of its
clinical relevance for sleep disorders, most prominently
for obstructive sleep apnea (Gaultier et al. 2003; Palmer
and Redline 2003). Attempts to ﬁnd genes for respira-
tion, therefore, have focused largely on the apnea-hy-
popnea index, the primary measure of obstructive sleep
apnea. So far, candidate-gene association studies for ap-
neic breathing have had limited success (Redline and
Tishler 2000; Kadotani et al. 2001). In an authoritative
review, Palmer and Redline (2003, table 2) compiled a
list of the most plausible candidate genes for obstructive
sleep apnea. None of these appeared to lie in the vicinity
of the regions of (suggestive) linkage we found. In ad-
dition, our regions did not overlap with two loci (at 2p
and 19p) for obstructive sleep apnea that were identiﬁed
in a whole-genome scan of 66 pedigrees of American
European origin (Palmer et al. 2003).
Congenital central hypoventilation syndrome (CCHS
[MIM 209880]) is a second sleep disorder that may pro-
vide clues to positional candidates in the regions of our
linkage peaks (Gaultier et al. 2003, 2004). This syn-
drome is characterized by deﬁcient autonomic control
over respiration and is hypothesized to account for some
cases of sudden infant death syndrome (Gozal 1998).
CCHS is caused by mutations of genes in the ret and
endothelin pathways (see table 1 in Gaultier et al. 2004).
The importance of some of these genes for respiration
frequency has been conﬁrmed in mice with loss-of-func-
tion mutations. Homozygous and heterozygous knock-
outs of gdnf, mash-1, and bdnf all signiﬁcantly affected
resting respiratory frequency (see table 2 in Gaultier et
al. 2004). The human gene corresponding to oneofthese
genes, the glial cell line–derived neurotrophic factor
(GDNF) family receptor alpha-1 gene (GRFA1 [MIM
601496]), is mapped at ∼5 Mb before the start of our
region on chromosome 10. Geneexpressionproﬁlinghas
suggested deviations in GRFA1 receptor regulation in
Hirschsprung disease (MIM 142623), a condition that108 Am. J. Hum. Genet. 76:100–111, 2005
Table 3
Simultaneous Linkage Analysis of Three Loci with a Single-Locus LOD Score 11.5 for Respiration Rate during Sleep
MODEL SIGNIFICANCE TEST FOR
%C ONTRIBUTION TO VARIANCE FOR
Ddf x
2 LOD A E Chr 3 Chr 10 Chr 22
AEChr 3, 10, and 22 … 0 11 33 56 0 … … …
AEChr 10 and 22 Chr 3 10 20 … 60 9 1 9.02 1.96
AEChr 3 and 22 Chr 10 9 23 40 … 28 1 12.91 2.81
AEChr 3 and 10 Chr 22 0 11 33 56 … 1 0 0
AE Chr 3, 10, and 22 81 19 … … … 3 27.08 4.49
a
NOTE.—The percentage contribution to the variance in respiration rate is given for background genetic inﬂuences (A),
environmental inﬂuences (E), and the three loci on chromosomes 3 (217 cM), 10 (182 cM), and 22 (48 cM). The signiﬁcance
of the contribution of each locus separately and all three loci together derives from the contrast of the ﬁt of the
model with these loci (model row 1) and the ﬁt of models without one (model rows 2–4) or all (model row 5) of these
loci. Chr p chromosome(s); Ddf p change in degrees of freedom.
a Adjusted LOD score, determined as the 1-df LOD score required to give the same P value as the multilocus LOD
score.
is comorbid with CCHS (Iwashita et al. 2003), and at
least one patient with CCHS showed a mutation in
GFRA1 (Sasaki et al. 2003). Its proximity to our peak
LOD score at 10q suggests that polymorphisms in this
gene may affect variation in nighttime respiration rate
in healthy subjects.
Animal models of respiratory rhythmogenesisandreg-
ulatory input to the brain stem have provided a num-
ber of further candidate genes. Hox paralogs and hox-
regulating genes (e.g., hoxa, kreisler/mafB, c-jun, and
Krox20) are involved in the primordial rhombomeric
organization of the hindbrain. Knockout mutations in
these genes resulted in phenotypes of decreased or in-
creased respiratory frequency, compared with that of the
wild type (Jacquin et al. 1996; Shirasawa et al. 2000;
Domı ´nguez del Toro et al. 2001; Chatonnet et al. 2002).
Mice engineered to lack the bZIP transcriptional regu-
lator gene MafB, prominently expressed in the pre-
Bo ¨tzinger complex, were shown to completely lack de-
velopment of critical rhythm-generating neurons in the
brain stem (Blanchi et al. 2003). Although none of these
“rodent respiratory genes” had syntenic human genes in
any of our four regions of linkage, at least two other
homeobox genes, HMX2 (MIM 600647) and EMX2
(MIM 600035), with as-yet unknown relation to res-
piration, were found under our best linkage peak on
10q.
Homeoboxgeneshavealsobeenprominentlyincluded
in the list of possible candidate genes for obstructive
sleep apnea (Palmer and Redline 2003), because they
can have an effect on craniofacial form and upper-air-
way anatomy. The 1100 craniofacial malformation
(“craniosynostosis”) syndromes may well be regardedas
the third “disorder” that can affect ventilation. Crani-
ofacial development from skeletogenic differentiation of
the cranial neural crest is governed almost entirely by
the ﬁbroblast growth factors (Wilkie and Morriss-Kay
2001). A major role in craniosynostosis syndromes is
suggested for ﬁbroblast growth factor receptor 2 gene
(FGFR2 [MIM 176943]), which is directly under our
best linkage peak at 10q26. Deviant respiratory control
has frequently been reported in craniosynostosis syn-
dromes, often severe enough to require surgical correc-
tion or prolonged continuous positive airway pressure
therapy (Gonsalez et al. 1996; Perkins et al. 1997).
Milder nonmorbid mutations in FGFR2 may well affect
population variation in craniofacial build and basal res-
piration rate.
Positional Candidates
In a second strategy to conﬁrm our linkage-peak re-
sults, we scanned the Ensembl human genome map
(version 19.34b.2 of NCBI assembly 34 [July 2004
freeze]; see Ensemble Web site) for genes in these regions
that could be plausibly linked to respiratory behavior.
“Broad” peaks were used, spanning between the mark-
ers that deﬁned the upstroke and incisura of the LOD
score peaks (D3S2427–D3S2418, D7S2477–D7S3051,
D10S1230–D10S212, and D22S1174–D22S532). By
necessity, successful recognition of potentially relevant
genes in the Ensembl-generated lists of genes in the link-
age regions is limited by current understanding of the
molecular biology of respiration. At least ﬁve positional
candidate genes, however, could be plausibly connected
to the regulation of nighttime respiratory frequency.
Adenosine and its analogues have been shown to in-
crease respiratory ventilation in a dose-dependent man-
ner (Monteiro and Ribeiro 1987) and to modulate the
incidence of sleep apneas in rats (Monti et al. 1995). In
a sheep model of fetal breathing, A1 receptors were
found to tonically inhibit respiratory drive,A2Areceptors
to tonically inhibit REM sleep, and both A1 and A2A
receptors to mediate the depressant effects of adenosine
on REM sleep and breathing (Koos et al. 2001). Aden-
osine mediates its effects through four receptorsubtypes:
the A1,A 2A,A 2B, and A3 receptors (Fredholm et al.1994).
MacCollin et al. (1994) localized the ADORA2A genede Geus et al.: QTLs for Respiration Rate 109
(MIM 102776) to chromosome 22q11.23, just outside
our region on 22q that showed linkage to respiration
rate during the evening and sleep. At 10q25.3-q26.3
(ADORA2L [MIM 102777]), another gene for an A2
adenosine receptor subtype is suspected, the function of
which is currently unknown. Given the convergence of
the loci at chromosomes 10 and 22 in a single biological
pathway and the importance of adenosine in respiration,
we suggest that ADORA2A and ADORA2L may be
promising positional candidate genes for respiration
rate.
Serotonin and serotonergic drugs have signiﬁcant ef-
fects on respiration, and serotonin has been implicated
in the pathogenesis of sleep disorders (Richerson 2004).
Serotonergic neurons in the Raphe ´ nucleus act as che-
moreceptors and enhance respiratory rhythm generation
in the preBo ¨tzinger complex. These effects have been
shown to be mediated through serotonin receptors type
1A, 2A , 4A, and 7 (Richter et al.2003;Richerson2004).
However, a role for serotonin type 3 (5-HT3) receptors
can also be assumed. Serotonin antagonists selective for
the 5-HT3 receptor suppress sleep-related central apneas
in rats (Radulovacki et al. 1998) and obstructive sleep
apnea in the English bulldog (Veasey et al. 2001). A
recently identiﬁed cluster of three novel serotonin type
3 receptor genes (HTR3C, HTR3D, and HTR3E) is lo-
calized at 3q27 (Karnovsky et al. 2003), directly in our
area of linkage. Comparative expression analysis sug-
gested that HTR3D and HTR3E expression were limit-
ed to colon, kidney, liver, and intestine, whereas the
HTR3C gene is widely expressed in many tissues, in-
cluding the brain (Niesler et al. 2003). These ﬁndings
lead us to suggest that HTR3C, a gene homologous to
5-HT3A and 5-HT3B receptors, qualiﬁes as a potential
candidate gene for respiration rate.
In summary, evidence of linkage was found for res-
piration rate during sleep at 3q27, 7p22, 10q26, and
22q12. Strongest evidence of linkage was found between
markers D10S1222 and D10S1248 on chromosome 10.
From the Ensembl database, we identiﬁed GFRA1,
ADORA2L, FGR2, EMX2, and HMX2 as biologically
plausible candidate genes harbored by this linkage re-
gion. Further candidates suggested by our linkage ﬁnd-
ings are the ADORA2A adenosine receptor gene on 22q
and the HTRC3 serotonin receptor gene at 3q. Identi-
ﬁcation of the genetic variation inﬂuencing human re-
spiratory phenotypes would serve an important clinical
purpose. It could increase our understanding of the mo-
lecular and cellular bases of disorders of rhythmogenesis
such as sleep apnea, unexplained stillbirth, and certain
cases of sudden infant death syndrome.
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